The first enzyme of haem biosynthesis, ALAS (5-aminolaevulinic acid synthase), catalyses the pyridoxal 5 -phosphate-dependent condensation of glycine and succinyl-CoA to 5-aminolaevulinic acid, CO 2 and CoA. The crystal structure of Rhodobacter capsulatus ALAS provides the first snapshots of the structural basis for substrate binding and catalysis. To elucidate the functional role of single amino acid residues in the active site for substrate discrimination, substrate positioning, catalysis and structural protein rearrangements, multiple ALAS variants were generated. The quinonoid intermediates I and II were visualized in single turnover experiments, indicating the presence of an α-amino-β-oxoadipate intermediate. , all of which are located in the second subunit to the intersubunit active site, were found to be essential. Their location in the second subunit provides the basis for the required structural dynamics during the complex condensation of both substrates. Utilization of L-alanine by the ALAS variant T83S indicated the importance of this residue for the selectiveness of binding with the glycine substrate compared with related amino acids. Asn 85 was found to be solely important for succinyl-CoA substrate recognition and selectiveness of binding. The results of the present study provide a novel dynamic view on the structural basis of ALAS substrate-binding and catalysis.
INTRODUCTION
PLP (pyridoxal 5 -phosphate)-dependent enzymes catalyse a broad variety of reactions such as decaboxylations, transaminations, racemizations, eliminations, retro-added cleavages and Claisen-type condensations [1, 2] . The first enzyme of tetrapyrrole biosynthesis in non-plant eukaryotes and the α-subclass of purple bacteria, the homodimeric ALAS (5-aminolaevulinic acid synthase; EC 2.3.1.37), is a PLP-dependent enzyme [3] [4] [5] [6] . Multiple mutations of the human enzyme are connected with the detrimental disease X-linked sideroblastic anaemia [7] . In a Claisen-type condensation reaction, involving the untypical cleavage of two amino acid α-carbon bonds, succinyl-CoA and glycine are converted by ALAS into CO 2 , CoA and the general haem precursor ALA (aminolaevulinic acid) [8] .
A few years ago we solved the, as of yet, only crystal structure of ALAS from Rhodobacter capsulatus in various complexes with its cofactor PLP and substrates [3] . A detailed molecular view of the ALAS active site at different stages of catalysis was therefore then accessible. Owing to the high flexibility of the enzyme, the existence of multiple potential catalytic amino acid residues, highly complex substrate co-ordination and an intersubunit active site composed of amino acid residues from both subunits, prediction of the step-by-step chemistry underlying ALAS catalysis was complicated. Obviously, the static view provided by the ALAS crystal structure had to be supplemented by functional kinetic data. Since the PLP cofactor undergoes multiple changes in its electronic properties during substrate binding and catalysis, the kinetics of the different partial reactions can be followed spectroscopically [9, 10] . Consequently, we employed the R. capsulatus ALAS system to answer the open questions concerning the ALAS enzymatic mechanism and the contribution of active-site residues.
Besides ALAS, there are only three other PLP-dependent enzymes known to catalyse the mechanistically unusual cleavage of two α-carbon bonds, namely AONS (8-amino-7-oxononanoate synthase) [11] , SPT (serine palmitoyltransferase) [12, 13] and KBL (2-amino-3-ketobutyrate-CoA ligase) [14, 15] . These few enzymes constitute the α-oxoamine synthase family of PLP-dependent enzymes [1] . AONS catalyses the first four steps in biotin biosynthesis, the decarboxylative condensation of L-alanine and pimeloyl-CoA to (7S)-AONS [16] . SPT catalyses the condensation of L-serine and palmitoyl-CoA to form 3-oxodihydrosphingosine, the initial step of sphingolipid biosynthesis [17, 18] . Finally, KBL catalyses the conversion of 2-amino-oxobutyrate, the product of threonine degradation in the presence of CoA, into glycine and acetyl-CoA [14, 15] . The current knowledge of the exact chemistry of α-oxoamine synthase catalysis comes from a combination of spectroscopic, Abbreviations used: ALA, aminolaevulinic acid; ALAS, 5-ALA synthase; AONS, 8-amino-7-oxononanoate synthase; DTT, dithiothreitol; hemA, 5-aminolaevulinic acid synthase; IPTG, isopropyl β-D-thiogalactopyranoside; KBL, 2-amino-3-oxobyturate-CoA ligase; α-KGD, α-oxoglutarate dehydrogenase; mALAS2, mouse ALAS 2, erythroid; PLP, pyridoxal 5 -phosphate; SPT, serine palmitoyltransferase. 1 Correspondence may be addressed to either of these authors (email gferreir@health.usf.edu and m.jahn@tu-bs.de).
Figure 1 Postulated reaction mechanism
The catalytic path of the R. capsulatus enzyme with all postulated intermediates is shown. The ALAS reaction follows a Bi Bi kinetic mechanism. The substrate glycine binds first followed by the second substrate, succinyl-CoA. The products CoA and CO 2 are released prior to ALA. The last step is the regeneration of the holoenzyme.
radiolabelling, kinetic and structural biology studies using various members of the enzyme family [11] [12] [13] 15, 16, [19] [20] [21] . Whereas for some α-oxoamine synthase family members, like AONS, a detailed view of the molecular basis of catalysis is available, major open questions remain for ALAS catalysis. The known part of the ALAS reaction mechanism follows the typical α-oxoamine synthase catalysis. It is an ordered Bi Bi kinetic mechanism with glycine binding prior to succinylCoA, and the release of ALA after carbon dioxide and CoA [3, 22, 23] . As shown in Figure 1 the PLP cofactor is covalently bound to an active site lysine residue (Lys 248 ) as a Schiff-base linkage at its ε-amino group [9] . This form of the enzyme is called the internal aldimine. The first step of ALAS catalysis is the formation of the external aldimine via the breakage of the Schiff-base bond of PLP to Lys 248 and the association of the substrate glycine with the enzyme-bound PLP. The internal aldimine formed via transaldimination can follow two different potential routes for the generation of the PLP-bound product ALA, both involving quinonoid intermediates. Decarboxylation of PLPbound glycine would lead to the formation of a transient quinonoid intermediate followed by Claisen condensation with succinylCoA. Release of CoA would lead to the product aldimine. Alternatively, a quinonoid intermediate I can be generated by stereo-specific, Lys 248 -catalysed abstraction of the pro-R-proton from the PLP-bound glycine. the internal aldimine in a transaldimination reaction is common to both pathways [9, 23] .
The existence of the α-amino-β-oxoadipate intermediate has not been experimentally confirmed for ALAS catalysis as yet, but it is known that the corresponding intermediates occur in AONS reactions [21] . The enzyme-glycine complex crystal structure revealed that Asn 54 of R. capsulatus ALAS forms hydrogen bonds to one of the oxygen atoms of the carboxy group of the glycine substrate. After condensation with succinyl-CoA and the indicative formation of an α-amino-β-oxoadipate intermediate, this carboxy group is released as CO 2 . Consequently, this active site asparagine residue might be the crucial residue controlling ALAS catalysis.
We generated two variants of R. capsulatus ALAS, N54Q and N54D, with the aim of trapping the quinonoid I as well as the α-amino-β-oxoadipate intermediate in the active site. Moreover, enzyme assays using O-methylglycine as the first substrate were performed. After the addition of succinyl-CoA, the resulting β-oxoacidmethylester aldimine cannot undergo enzymatic decarboxylation and should accumulate. Beside the question regarding the oxoadipate intermediate, questions of the functional dynamic contribution of amino acid residues within the active site to binding and discrimination against nonsubstrate compounds of similar structure still remain. Again, the crystal structure of R. capsulatus ALAS only provides a static view of the active site of the final substrate co-ordination. The first substrate glycine residue is tightly co-ordinated via a network of bonds to Arg 374 , Asn 54 and Ser 189 . The adenine ring of succinylCoA binds near the enzyme surface and its pantothenate portion extends down a cleft towards the PLP cofactor, over 20 Å (1 Å = 0.1 nm) away from the surface. This solvent-excluded activesite environment provides highly specific molecular recognition of succinyl-CoA. The succinyl-CoA carboxylate group is tightly coordinated via a salt bridge to Arg 21 (Figure 2 ) [3] . However, it remains to be determined which amino acids are functionally involved in the discrimination against other nonsubstrate compounds and which are important for catalysis.
To investigate the contribution of altered ALAS amino acids to substrate recognition, catalysis and product release, several ALAS variants carrying conservative and non-conservative amino acid exchanges (N54D, N54Q, R21K, R21E, T83S, N85Q, N85F and I86H) were constructed, recombinantly produced, purified and kinetically characterized. Furthermore, multiple substrate analogues were tested with the wild-type ALAS and selected variants. The amino acids required for glycine (Thr 83 ) and succinyl-CoA (Asn 85 ) substrate discrimination against structurally related compounds were functionally identified. The essential contribution of Arg 21 , Thr 83 and Ile 86 , all located in the second subunit of the intersubunit active site, underscored the importance of the structural flexibility required for the complex catalyses performed by ALAS.
EXPERIMENTAL

Materials
Ampicillin, PLP, BSA, succinyl-CoA sodium salt, ALA hydrochloride, α-oxoglutaric acid, α-KGD (α-oxoglutarate dehydrogenase), Hepes free acid, Mops, TPP (thiamine pyrophosphate), L-alanine, D-alanine, L-cysteine, L-threonine, L-serine, octanoyl-CoA, butyryl-CoA and NAD + were purchased from Sigma-Aldrich. Glucose, glycerol, glycine, magnesium chloride hexahydrate, O-methylglycine and potassium hydroxide were from Fisher Scientific or Roth. Benzonase was purchased from 
Bacterial strains and genomic DNA
The Escherichia coli strains used for cloning experiments and protein production were DH10β (Invitrogen), BL21(DE3)pLysS (Stratagene) and BL21(DE3)RIL (Merck). The genomic DNA of R. capsulatus DSM 938 was from the DSMZ. Primers with two different restriction sites, BamHI for the forward primer and XhoI for the reverse primer, were ordered from Metabion with the aim of subsequent cloning of the generated PCR fragment into the pGEX-6P-1 vector. The primers sequences were: 5 -CGCGGATCCGC-GATGGACTACTACAATCTCGCG-3 (forward) and 3 -CCG-CTCGAGCGGTCACGCACAGCGCGCCCA-5 (reverse). The amplified hemA sequence was cloned into the expression vector pGEX-6P-1 and the accuracy of the resulting plasmid was verified by DNA sequencing.
Site-directed mutagenesis
Mutagenesis experiments for R. capsulatus were performed according to manufacturer's instructions with the Qiagen site-directed mutagenesis kit. The employed oligonucleotides for the ALAS variants were: 5 -CGAGGGACGTTACAAG-ACGTTCATCG-3 for R21K, 5 -CGAGGGACGTTACGAG-ACGTTCATCG-3 for R21E, 5 -GGTTCGGGCGGCAGC-CGCAACATCTC-3 for T83S, 5 -GCGGCACCCGCCAGATC-TCGGGCAC-3 for N85Q, 5 -GCGGCACCCGCTTCATCT-CGGGCAC-3 for N85F, 5 -GCACCC GCAACCACTCGGG-CACCAC-3 for I86H, 5 -CTGGTGCGGCCAGGACTATCTG-GGC-3 for N54Q and 5 -CTGGTGCGGCGACGACTAT-CTGGGC-3 for N54D (underlined residues represent the introduced mutated codons for the desired amino acid exchanges upon protein production). DNA sequencing was used for the verification of the desired exchanges.
Protein purification, SDS/PAGE and protein concentration determination
Recombinant R. capsulatus wild-type ALAS and its variants were purified from E. coli BL21(DE3)pLysS or BL21(DE3)RIL cells. A total of 10 litres (20 × 500 ml) of vapour-sterilized LB (LuriaBertani) medium containing 100 μg/ml ampicillin and 34 μg/ml chloramphenicol in 1 litre Erlenmeyer flasks were each inoculated with 5 ml of an overnight culture of either E. coli BL21(DE3)RIL or BL21(DE3)pLysS cells, carrying pGEX-6P-1-Rc-A (pGEX-6P-1 vector with the R. capsulatus wild-type hemA gene) and incubated under vigorous aeration at 37
• C. After the culture reached a D 600 of 0.6 the expression of hemA was initiated by the addition of 200 μM IPTG. The optimal growth temperatures were either 25
• C or 17
• C for 22 h and at 180 rev./min. Cells were harvested by centrifugation for 20 min at 3000 g and 4
• C. The cell sediment was suspended in 15-40 ml of lysis buffer [20 mM Hepes (pH 7.5), 200 mM NaCl, 10 mM DTT, 20 μM PLP, 20 μl of benzonase (250 units/μl) and 1 tablet of Complete TM protease inhibitor]. Lysing Matrix B Bulk (125 mg/ml) was added into a 2-ml-reaction tube and filled up with suspended cell sediment. Cells were disrupted using FastPrep ® 24 at 4
• C (three times for 45 s). Cell debris and insoluble protein fractions were removed by centrifugation for 30-45 min at 4
• C and 14 000 g. The resulting supernatant was loaded on to a glutathione-Sepharose column and eluted with a glutathione-containing buffer. Purity was assessed by SDS/PAGE [24] and protein concentration was determined by the bicinchoninic acid or Bradford assay method using BSA as standard [25, 26] .
Steady-state kinetic analysis
Enzyme activity was determined using a continuous spectrophotometric enzyme-coupled assay with ALAS and α-KGD as the interacting enzymes at a constant temperature of 30
• C [10] . The observed rates were fitted to the MichaelisMenten equation using the non-linear regression analysis software program SigmaPlot (Systat Software). The NADH concentration was calculated with the Beer-Lambert law as described previously [27] . The α-KGD couples oxidation of CoA to succinyl-CoA to the reduction of NAD + to NADH. The NADH production is equivalent to the production of ALA and could be followed spectrophotometrically at 340 nm [10] .
Stopped-flow spectroscopy
The R. capsulatus ALAS reactions were performed in 100 mM AMPSO {3-
hydroxypropanesulfonic acid} (pH 9.5), containing 10 % (v/v) glycerol at 30
• C. The final concentrations of the reactants for the R. capsulatus ALAS-catalysed reactions were 60 μM bacterial ALAS, 20 mM glycine (O-methylglycine, L-alanine, D-alanine, L-cysteine, L-threonine or L-serine) and 30 μM succinyl-CoA (octanoyl-CoA or butyryl-CoA). Rapid-scanning stopped-flow kinetic measurements were conducted using an OLIS model RSM-1000 stopped-flow spectrophotometer. The dead time of this instrument was approximately 2 ms, and the observation chamber optical path length was 4.0 mm. Scans covering the wavelength region 270-550 nm were acquired at a rate of 1000/s and averaged to either 62 or 31 scans/s in order to condense the resulting data files to a tractable size for data-fitting analysis. An external water bath was utilized to maintain a constant temperature for the syringes and observation chamber. The pre-steady-state kinetics of quinonoid intermediate II formation and decay at 510 nm were modelled from single-wavelength traces with KinTecSim simulation software as described previously [28, 29] . A fourkinetic-step mechanism as described by eqn (1) was utilized:
where EG and SCoA represents the enzyme-glycine (alanine) complex and succinyl-CoA prior to mixing, EGSCoA is an initial collision complex, EQ2 is the quinonoid II intermediate, which is in bold to denote that this intermediate was the input responsible for the observed signal, EALA is the enzyme-product complex and E + ALA represents the dissociated enzyme and product. Single-wavelength traces with O-methylglycine as the amino acid substrate were also modelled according to eqn (1), with the mathematically inconsequential caveat that EQ2 was replaced by EQ1, to signify that in this case it was considered to be the quinonoid intermediate I that is being observed.
Substrate specificity
Substrate-specificity determinations were carried out at 30
• C. The experimental set-up was similar to that for the studies involving steady-state kinetics. In one set of experiments, the specificity towards glycine was examined by testing other amino acids while maintaining succinyl-CoA as the second substrate. In another set of experiments, glycine was kept as the first substrate, whereas different acyl-CoA derivatives were tested as second substrate.
RESULTS AND DISCUSSION
Evidence for an α-amino-β-oxoadipate intermediate during ALAS catalysis
First, we approached the open questions for the existence of an α-amino-β-oxoadipate intermediate with combined mutational and spectroscopic experiments. We intended to follow the formation and the decay of the quinonoid forms I and II to collect evidence for the proposed oxoadipate intermediate. which in glycine is hydrogen-bonded to Asn 54 . Nevertheless, O-methylglycine carries all determinants required for external aldimine formation; however, the external aldimine cannot decarboxylate to yield a quinonoid (pathway 1, see the Introduction section). Analogously, after succinyl-CoA addition, the generated methylester of the β-oxoacid-aldimine complex cannot decarboxylate to yield the quinonoid intermediate II.
Succinyl-CoA binding to the ALAS protein was described previously to be important for quinonoid I formation [30] . Thus we monitored the formation of the quinonoid intermediate I in the R. capsulatus ALAS-catalysed reaction using the substrate analogue O-methylglycine and transient kinetics under presteady-state conditions and following the changes in absorbance at 510 nm ( Figure 3 and Table 1 ). The observation of the quinonoid intermediate I in the R. capsulatus ALAS-catalysed reaction is in good agreement with similar results obtained from experiments performed with E. coli and Mycobacterium tuberculosis AONS [16, 31] and SPT [32] . Similar to the reaction of the ALASglycine complex with succinyl-CoA, the kinetic trace for the reaction of the ALAS-O-methylglycine complex with succinylCoA was best described as a four-step process [eqn (1) The R. capsulatus ALAS reaction was fitted to a four-step reaction with four observable rates. k 1 , rate of the formation of the initial collision complex; k 2 , rate of the formation of quinonoid intermediate I/II; k 3 , rate of the formation of the enzyme-product complex; k 4 , rate of the dissociation of the enzyme-product complex into the enzyme and product; k − 1 , decay of initial collision complex; k − 2 , decay of the quinonoid intermediates I/II; k − 3 , decay of the enzyme-product complex; k − 4 , reverse rate of the enzyme and product formation; ND, non-detectable under the experimental conditions. 4.31 × 10 [29] , this residue was substituted with either glutamine (N54Q) or aspartate (N54D) using site-directed mutagenesis. The desired N54K variant was found to be insoluble during recombinant production in E. coli cells. The N54D variant would be expected to highly destabilize the α-amino-β-oxoadipate intermediate by ionic repulsion between the negatively charged aspartate and the carboxy group. The results of the present study indicate that N54D mutation prevents the reaction from occurring. As expected, the asparagine to aspartate residue substitution (N54D) led to an ALAS variant with no detectable enzymatic activity, indicating the importance of the exchanged residue in substrate binding and catalysis. We postulated that the conservative N54Q exchange would result in an ALAS enzyme of reduced activity since the glutamine residue side chain would partly substitute for the asparagine one. The R. capsulatus enzyme was found to have a K m value for glycine of ∼0.25 mM (Table 2) , which, while in the same order of magnitude as for the R. sphaeroides enzyme [33] , is approximately 100-fold lower than that reported for mALAS2 (mouse ALAS 2, erythroid) [34] . Similar values were also obtained for the physiological substrate L-alanine for AONS [11] . The conservatively mutated N54Q ALAS variant enzyme was active. It showed a 7-fold increase in the K Gly m value, a 2-fold increase in the K S−CoA m value and a 1.2-fold increase in k cat value compared with the wildtype ALAS. Thus the catalytic efficiency for glycine was only 17.5 % of that of the wild-type enzyme. Nevertheless, the catalytic efficiency of N54Q towards succinyl-CoA (k cat / K S−CoA m ) was about 50 % of the wild-type ALAS ( This is a similar reaction to that reported for AONS with its corresponding substrates and analogues [21] . However, no additional absorption maximum was observed between 30 s and 1 h after the start of the reaction. Instead, the quinonoid I form of the enzyme disappeared over time. Multiple enzyme variants (see below) tested at different pH values (between 5 and 10), with different buffers, salt concentration, temperatures and substrate concentrations did not yield methylated α-amino-β-oxoadipate. Since the enzyme revealed its highest activity at pH 9.5, fast hydrolysis of the methylester was concluded which would lead to decarboxylation and product formation. The results of the present study are in good agreement with the results for the mouse enzyme Table 2 ).
Detection of quinonoid II
The energy associated with succinyl-CoA-binding drives decarboxylation of the α-amino-β-oxoadipate intermediate and ultimately the formation of ALA via quinonoid intermediate II [29] . Since the release of the product was proposed as the ratelimiting step, quinonoid intermediate II should be observed during catalysis. The formation and decay of the quinonoid intermediate II with an absorbance maximum at approximately 510 nm were monitored under single-turnover conditions at 30
• C and pH of 9.0 using stopped-flow absorption spectroscopy (Figures 3A and 3B, and Table 1 ). The kinetic traces for the R. capsulatus ALAS reaction at pH 9.0 (Figures 3A and 3B) were best described by the four-step sequential mechanism represented by eqn (1) . At a lower pH, less quinonoid intermediate II was detectable in the R. capsulatus ALAS reaction. Quinonoid intermediate II formation with ALA was found to be pH dependent, with an optimal signal at pH 9.0 (results not shown). In Figure 3 , the time courses at 510 nm were overlaid with the best fits of the data to eqn (1) . The first of the four steps was assigned to an initial collision complex between the reactants, the second step was assigned to the formation of the quinonoid intermediate in single-turnover experiments follows two kinetic steps with involvement of Lys 248 . Obviously, ALAS does not directly utilize the electron sink of the cofactor, which further sustains the outlined stereoelectronic control hypothesis. Instead, an enol derivative that is in equilibrium with quinonoid intermediate II and the product ALA-bound external aldimine is possible [27] . Finally, we observed a two-step quinonoid intermediate decay (Table 1) for the R. capsulatus ALAS enzyme and some of its derivatives. The first step might again be acid-catalysed by Lys 248 and consequently be pH dependent. However, for the R. capsulatus ALAS and its variants stable quinonoid intermediate II formation was optimally observed at pH 9.0 (Table 1) . Finally, Lys 248 protonates the enol which abolishes quinonoid absorbance and leads to the fast step of quinonoid decay. The second step of quinonoid intermediate decay should be pH independent and represents the rate limiting step of the overall ALAS reaction, the release of the substrate ALA. This behaviour is clearly reflected by the data of quinonoid intermediate II formation and decay studies presented in Table 1 .
pH-dependent quinonoid II production from ALA To obtain further evidence for the α-amino-β-oxoadipate intermediate the ALAS reaction was performed backwards with the product ALA at different pH values. A basic pH would favour the deprotonation of PLP-bound ALA to yield quinonoid II, thus providing further evidence for a catalytic path including the α-amino-β-oxoadipate intermediate. As shown in Figure 4 with increasing pH, more quinonoid II was formed from ALA, confirming the initial assumption. Ile 86 also comes from the adjacent subunit of the dimer and forms a van der Waals interaction with the carboxylate group of the succinyl-CoA substrate. The amino acid substitution of isoleucine residue with histidine (I86H) ( Figure 5 ) resulted in a less-active protein (k cat = 3.3 × 10 − 2 s − 1 ). Here, the measured turnover number of the ALAS variant was so low that the enzyme could be denoted as de facto inactive. Surprisingly, binding of the succinyl-CoA μM). However, the glycine residue affinity to the enzyme was drastically reduced. The introduced histidine residue lacks the methyl groups necessary for the formation of important van der Waals interactions. However, this amino-acid exchange also introduces an additional positive charge into the active site. The overall structural arrangement with respect to the position of neighbouring amino acids including Thr 83 , which was in contact to the PLP-bound glycine substrate, might have been disturbed. This might have caused problems with the initial glycine-substrate binding. In contrast the missing van der Waals contact of the mutant enzyme to succinyl-CoA might be negligible.
Thr
83 from subunit 2 is responsible for active-site flexibility and mediates selectivity for glycine as a substrate R. capsulatus ALAS exists as a dimer with the active site located at the subunit interface. Thr 83 of the second ALAS monomer coordinates the carboxylate group of the succinyl-CoA substrate mainly bound to the first monomer via a hydrogen bond (2.6 Å) and forms van der Waals interactions to the glycine substrate. The conservative amino acid exchange of threonine to serine (T83S) ( Figure 5 ) yielded an enzyme variant with an 8.5-fold lower k cat value (3.2 × 10 − 2 s − 1 ) compared with the wild-type enzyme. Interestingly, the ALAS variant T83S revealed a higher affinity to glycine residues compared with the wild-type ALAS (K Gly m = 9.6 × 10 − 2 mM). It required, at the same time, a similar succinyl-CoA concentration (K S−CoA m = 4 × 10 − 1 μM) for half saturation. The hydroxy group of the serine residue might have contributed further to the co-ordination of the glycine substrate, whereas at the same time the hydrogen bond to succinyl-CoA was missing. As a consequence catalysis was slower. Consequently, quinonoid intermediate II formation required double the time of the wild-type enzyme and its decay was over 10-fold higher. Clearly, Thr 83 localized between the two substrates is involved in the structural movement required to co-ordinate the condensation of both the substrate with the subsequent α-amino-β-oxoadipate and quinonoid intermediate II formation. Its location on the other subunit might be essential to fulfil this function.
The active-site Thr 83 is localized directly at the border of the two bound substrates glycine and succinyl-CoA. Thr 83 interacts with both substrates, and spatially constrains the active site so that larger alternative substrates, differing in chain length and chemical composition, might not bind. Consequently, we tested how this crucial residue tolerates substrate alternatives to glycine. Shoolingin-Jordan et al. [26] showed that the T83S variant of R. sphaeroides ALAS accepted amino acids other than glycine as a substrate including threonine, serine and alanine. For the R. capsulatus wild-type ALAS it was proposed, on the basis of its crystal structure, that substrates other than glycine can be bound in the active site. However, they would block the access for the second substrate, succinyl-CoA [24] . To investigate this hypothesis we conducted activity assays for steady-state kinetic determination with the wild-type and the T83S ALAS variant with the amino acids L-serine, L-cysteine, L-threonine, L-alanine and D-alanine as alternative substrates to glycine. Substrate-specificity assays revealed that the R. capsulatus wild-type ALAS was highly specific for glycine. Even with a high amount of succinyl-CoA (20 μM), no notable enzyme activity was observed with the other tested amino acids (results not shown). In contrast the ALAS T83S variant showed enzyme activity with L-alanine, but not with any of the other tested amino acids (Table 3) . Interestingly, the reaction of the R. capsulatus ALAS T83S mutant enzyme with L-alanine showed an almost identical k cat value (3.8 × 10 Figure 3(F) illustrates the results of these experiments. As expected from the kinetic characterization described above, wildtype ALAS did not react with L-alanine. Consequently, no stable quinonoid intermediate II was detectable. In contrast, ALAS T83S reacted with glycine and L-alanine during quinonoid intermediate II formation. The reaction of ALAS T83S with glycine was ∼6.1-fold higher than with L-alanine. As expected the major difference between wild-type ALAS and the T83S variant was the binding of the first substrate, whereas the condensation with the second one was not so much affected by the amino acid exchange. In summary, Thr 83 plays an important role in glycine binding and discrimination as assumed by Heinz and co-workers [3] . Clearly, Thr 83 localized in-between the two substrates is also important for the discrimination of the glycine substrate against other structurally related amino acids.
Recognition of succinyl-CoA
Structural determinants of acyl-CoA substrates for ALAS recognition
The second substrate, succinyl-CoA, binds in a hydrophobic pocket at the entrance of the channel leading to the active site. Its carboxylate group is co-ordinated by Thr 365 and Arg 21 of the first monomer as well as by Thr 83 of the second monomer [24] . Shoolingin-Jordan et al. [35] and we [8] previously tested different acyl-CoA derivatives with ALAS from R. sphaeroides and the mouse respectively. Acyl-CoA chain lengths and hydrophobicity influenced ALAS activity. Previously, we tested four different acyl-CoA derivatives (octanoyl-CoA, butyryl-CoA, β-hydroxybutyryl-CoA and glutaryl-CoA) with three different murine ALAS2 variants (R85L, R85K and R85L/T430V). The results showed that acyl-CoA substrates of increased hydrophobicity (e.g. octanoyl-CoA and butyrylCoA) showed greater affinity for the mALAS2 variants with a substituted aliphatic amino acid (R85L and R85L/T430V). We concluded that the chemical characteristics of the CoA-derived tail and the hydrogen-bonding potential of the invariant acyl-CoAbinding residues are responsible for reaction specificity. In the present study we executed substrate-specificity assays with two different acyl-CoA derivatives (butyryl-CoA and octanoyl-CoA) with the R. capsulatus wild-type ALAS and the R21K variant. The obtained results are summarized in Table 4 and compared with those for the physiological acyl-CoA substrate succinyl-CoA. The results of the steady-state kinetics experiments revealed enzyme activity independent of the type of acyl-CoA substrate used. The observed substrate specificity for butyryl-CoA (Table 4) . A consequence of this longer tail is a positive charge owing to the electron-shifting properties of the methyl groups towards the oxygen atom. However, an overall tolerance of acyl-CoA chain length in R. capsulatus ALAS catalysis was observed. This might be owing to unspecific hydrophobic co-ordination of the hydrocarbon backbone.
Co-ordinating amino acids and experimental approach Next, we focused on the functional analysis of active-site aminoacid residues which co-ordinate the succinyl-CoA substrate. Arg 21 forms a salt bridge to the carboxylate group of succinylCoA, whereas Thr 83 , Asn 85 and Ile 86 co-ordinate the same group via hydrogen bonds. In most cases a conservative amino-acid exchange was combined with a non-conservative one. For the steady-state kinetic measurements of the various enzyme variants a coupled enzyme assay with the NADH-dependent α-KGD was used. The K m and k cat values for glycine and succinyl-CoA were determined. Quinonoid intermediate I and II formation and decay were tested as described above. Ile 86 from subunit 2 mediates the structural rearrangements required for glycine binding and catalysis. The non-conservative exchange from Arg 21 to a glutamate residue (R21E) ( Figure 5 ) led to an inactive enzyme ( Table 2) . In this variant the positively charged guanidinium side chain [HN = C(NH 2 )-NH-R] of arginine is replaced by the negatively charged side chain of glutamate. The glutamate carboxy group was expected to probably reject the carboxylate group of succinyl-CoA, resulting in an inactive enzyme and therefore succinyl-CoA binding to the enzyme was expected to be prevented. The conservative amino-acid exchange of arginine to lysine (R21K) yielded an enzyme with an approximately three times lower k cat value (9.2 × 10 − 2 s − 1 ) than the wild-type ALAS (k cat = 2.7 × 10 − 1 s − 1 ). High amounts of both substrates were necessary for half saturation of the ALAS R21K variant (K Gly m = 12.27 mM and K S−CoA m = 9.19 μM). Moreover, we failed to stabilize and detect quinonoid intermediates I and II with this mutant (Table 1) . Clearly, this amino-acid exchange, even though it was conservative, yielded an enzyme where the active site and thus the binding of both substrates and subsequent catalysis were negatively affected. Enzyme activity might suffer once the hydrogen bond triad responsible for the correct succinyl-CoA co-ordination in the active site cannot be formed owing to the inserted lysine residue in the ALAS R21K variant. Furthermore, Arg 21 is located close to Thr 365 , a residue positioned at the tip of the dynamic active-site loop which is involved in the conformational changes between the open and closed form of the enzyme [3] . Consequently, Arg 21 is essential for ALAS catalysis in several ways.
Asn 85 from subunit 2 mediates succinyl-CoA recognition Asn 85 also comes from the second ALAS monomer, and coordinates the succinyl-CoA carboxylate group via a hydrogen bond with a distance of 3.1 Å [3] . Its contribution to succinyl-CoA
